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Abstract

The fabric of primitive meteorites is dominated by small but macroscopic particles—chondrules, refractory mineral inclusions (CAls),
metal grains, and their like. One interesting aspect of these particles is that they are often surrounded by well-attached rims of fine-graine
dust which appear to have been “accreted” onto solid mineral cores. The rim thickness varies from one meteorite to another, but there seen
to be a proportionality between the thickness of the rim and the size of the core. We make use of recently derived analytical expressions fo
absolute and relative velocities of chondrule-and-CAl-sized particles in a weakly turbulent nebula (Cuzzi and Hogan, 2003, paper | of this
series) to assess the acquisition of fine-grained accretionary dust rims by particles in the chondrule-to-CAl size range. We compare thes
predictions with meteoritic observations, and show how the existence of fairly compact dust rims on chondrules and similar size objects car
be easily understood within the turbulent nebula context. We estimate the time needed to accrete such rims to be-it0fheeh0 range.

More observations of the form of the correlation between rim and core diameter in dust-rimmed chondrules are needed in order to strongly
constrain the environment and history of these objects.
Published by Elsevier Inc.
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1. Background for reviews of hypotheses on this long-controversial and
perennially fascinating subject).

The fabric of the most primitive meteorites undoubtedly ~ Another meteorite constituent of great interest are the
contains many clues as to their origin. While most chon- mineral grains called Ca-Al-rich refractory inclusions
drites are samples of surfaces that have been well worked(CAls)—so-called because their constituent minerals con-
over by impacts and stirring (“regolith breccias”), the origi- dense out of nebula gas at a much higher temperature
nal dominance of chondrules and like-sized objects remainsthan do chondrules. These objects are widely believed to
clear. How it came about that most chondrite parent bodiespe direct nebula condensates, and have a complex subse-
are so dominated by particles with such a well-defined range quent thermal history which has some similarities to that
of physical, chemical, and petrographic properties remains of chondrules and some differences. They make up 1-10%
one of the big puzzles of meteoritics. of primitive meteorites depending on type, and their size

Fe-Mg-Si—O mineral chondrules, which solidified from  gjstribution is broader than that of the chondrules. There is
a melt, constitute 30—-80% of primitive meteorites. There are increasing evidence from radioisotope ages that CAls are
a number of extant hy_pothes_es for the formation of the chon- , 16 years older than the chondrules. How these old, high-
drules. Most workers in the field believe that chondrules are temperature minerals find themselves intimately mixed with
formed by either localized or nebula scale energetic eve“tslower—temperature minerals remains a puzzle. Surely, their
operating on freely floating precursors of comparable mass, yap 15 evolution must share at least some similarities with
at some location or locations in the protoplanetary nebulathe chondrules they share the same parent body with. Some,
(see, e.g., Grossman (1989), Grossman et al. (1989), BOSSfor instance, also have rims of fine-grained dust.

(1996), Connolly and Love (1998), and Jones et al. (2000) Fine dust, such as comprises fine grained chondrule rims,

is well trapped to the nebula gas, so the relative velocity of
E-mail address: cuzzi@cosmic.arc.nasa.gov. a particlethrough the gas causes it to encounter fine grained
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Nomenclature

c gas molecule thermal speed ta, tp, tg Vvarious scaling times: Egs. (8), (9), and (16)

CV, CM carbonaceous chondrite types r* dust depletion time: Eq. (17)

ERr collision energy to restructure a fluffy aggregate 1, overturn time of Kolmogorov scale eddy

Emax  collision energy for maximum compaction of a  v;j,,  volume of fine-grained accretion rim
fluffy aggregate Veore  Volume of underlying chondrule

Ep collision energy to disrupt and disperse a fluffy Vg gas turbulent velocity (large eddy)
aggregate _ Vp particle random velocity in inertial space

feor fao |n|Saill chon_drulle aTd gu_sthmass fractions V,, relative velocity between particles and gas

H nebula vertical scale height 14 relative velocity between particles

! eddy size _ ¢  nebula viscosity parameteRe = acH /v

L integral or largest scale in turbulent energy 7 Kolmogorov scale

; iﬂ?:l;rel;r%onomers in a fluffy aggregate v molecular kinematic viscosity

0C ordinary chondrite V_QT tuLp;JIant kinematic viscosity

p power ofV,, dependence on particle size Z;O: afréegz(szcy

r, r1  particle radius; radius &, = 1 @ yireq y

re radius of chondrule or core of rimmed chondrule *¢ e}mplent dust den_5|ty

I'm radius of monomer or rim grain Peor Pdo rlr?g:rlll gﬁ;i@i‘;g gl;(r:]zic;;ldrules and dust

Re flow Reynolds number Ps

s, Stokes %umber relative to largest eddy Pg gas mass density

S, Stokes number relative to Kolmogorov scale Pdo mass gensfiy O]‘: d;‘St Ic? trl‘e ”,Etiﬁla oul
edd Pco mass density of chondrules in the nebula

fs stopﬁ)ing time of particle due to gas drag Orim mass density of fine grained chondrule rim

to(0) overturn time of eddy with siz& & sticking coefficient of grains to rimmed

1 overturn time of largest eddy chondrule

trim general rimming timescale (Egs. (5), (14)) ¢ chondrule rim volume/core volume

dust. The questions are then, does that dust accrete onto thpresent in Section 3. In Section 4 we combine the results of
surfaces of chondrules and CAls, and what are the resultingSections 2 and 3, and explore the time needed for particles
properties of the accretion rims? The outcome depends onto acquire the observed rims, as well as more general impli-
the magnitude of the relative velocity and the physical prop- cations for the primary accretion of primitive planetesimals.
erties of the grains and the particle surface.
For the purpose of this paper, we presume that chondrulesl-1. Meteorite evidence regarding fine grained rims

and CAls form in the nebula, while remaining neutral on
the details of their formation, and concentrate on their post-
formation evolution. In two recent papers we have described
the velocities of small particles in a turbulent gas (Cuzzi and
Hogan, 2003) and the formation and radial diffusion of CAls

Several excellent reviews of fine grained material as rims
on coarse patrticles, and/or as enveloping matrix unassoci-
ated with specific particles, are by Scott et al. (1989), Met-
zler and Bischoff (1996), Brearley (1996), and Brearley and
. . Jones (1998). Fine grained rims are generally more firmly
(.CUZZ' ?t al. ?003)' In th|s paper we focgs on th? acCre- itached to the underlying chondrule than to enveloping ma-
tion of fine gralngd dust rims by th'ese' particles durlng their trix, and respond to mechanical disaggregation by coming
nebula phgse, prior to their accrgtlon into pargnt bodies (cf. loose from the enveloping matrix material still firmly bound
also Cuzzi et al., 1998). In Section 1 we review some rel- o teir yunderlying chondrule (Paque and Cuzzi, 1997). Rims
evant meteorite data and provide introductory background 4g matrix are generally distinguishable texturally in scan-
on turbulence and how the relative velocity between a parti- ning electron microscopy of meteorite thin sections, even
cle and the gas (and embedded fine-grained dust) is derivedinough the physical, chemical, and mineralogical properties
In Section 2 we use our new results for the relative veloc- of the constituent rim and matrix grains tend to be rather sim-
ity between particles and gas to formulate a model for the jlar (Brearley and Jones, 1998, with exceptions, naturally;
formation of fine grained dust rims on chondrules and other, Taylor et al., 1984; Zolensky et al., 1990). Carbonaceous
similar sized particles and compare the model predictions chondrites (CV, CO, CM) exhibit much thicker rims (00
with the observations. This model makes use of a sub-modelmicrons) than ordinary chondrites (OC) (less than tens of mi-
for rim porosity and grain sticking, which we develop and crons). Most of the rim and matrix grains are various kinds
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o . . 1072
of silicates, but a small fraction are metal or metal sulfide. E

In CV meteorites, the rim and matrix grains are very simi-
lar, and are typically the largest of any class%u diameter;
meteoriticists report grain “sizes” as diameters, and we fol-

low this convention). Rim and matrix grains in CO and CM B 10 |
chondrites are also quite similar to each other (“identical” for ‘z’
COs, according to Brearley, 1993) but smaller in size than 5
for CVs—perhaps~ 1u in size. Regarding ordinary chon- B
drites (OC), Ashworth (1977) observed a dearth of larger g 1o L
grains and grain fragments in chondrule rims, compared to =

their abundance in the surrounding matrices of these same
meteorites. The rim grains span a range of modal size be-
tween~ 2u (Hedjaz) through~ 0.2u (Parnallee, Weston)
to as fine as @6y in Chainpur (Ashworth, 1977). 108 1(;4 s 1(;3 TS
In OC, rim porosities are often described as lower than core volume (cm?)
in the surrounding matrix (which Ashworth gives as 6—15%;
see also Scott et al., 1989). That is, their densities are lowerFig. 1. Chondrule rim volume (thickness) is close to linearly proportional to
than “solid” chondrules, but not dramatically so. It is some- core volume _(radius); data on Allende CV chondrite_ from Paque and Cuzz_i
. . (1997). The line has slope unity, merely for comparison, and is not a best fit
times suggested (e.g., Wasson, 1995) that this modest poros; any kind.
ity is incompatible with nebula accretion of rims, because
nebula-formed rims might be expected to be highly porous,
fairy-castle structures with no durability. However, we con- and Bischoff, 1996; Taylor et al., 1984; Allen et al., 1980;
tend that the observed properties are actually quite easy toAshworth, 1977).
understand in the nebula context. Metzler et al. (1992) measured rim thicknesses in thin
A key observation was first reported by Metzler et al. section on hundreds of CM chondrules. Unfortunately, the
(1992); see also Metzler and Bischoff (1996). They found thin section techniques used produced a large dispersion in
fragments, or clasts, of material within the usual regolith the relationship between core size and rim thickness, mak-
breccias, and even entire meteorites, which seemed to be uning it difficult to infer more than that the rim thickness and
brecciated agglomerates of dust-rimmed chondrules. Theycore thickness were positively correlated (see also Morfill
refer to these as “primary accretionary rock.” The mete- etal., 1998). To improve on this approach, Pague and Cuzzi
orites studied by Metzler et al. were CM2 chondrites— (1997) followed the earlier approach of Hughes (1978); they
containing chondrules having relatively thick fine-grained disaggregated, catalogued, weighed and measured individ-
rims. In their samples of primary accretionary texture, they ual whole chondrules from a number of different chondrite
found all chondrules and other coarse particles to be sur-types. A small number of these were then mounted and
rounded by fine-grained rims, and conversely, that the only ground to reveal the rim in cross section, allowing the true
fine grained dust present was within these already-accretedhickness to be determined without the sampling uncertainty
rims. Some caution must be applied to these specific rocks,of thin section techniques. One preliminary but intriguing re-
because CMs have been aqueously altered and the rim grain§ult was a well defined, nearly linear relationship between
are now collections of hydrated silicates rather than the orig- fim volume (thickness) and core volume (radius), with a
inal anhydrous grains. However, the textural distinction be- Smaller amount of scatter than in the Metzler et al. data
tween rims and groundmass remains easy to see in electrosee Fig. 1). Unfortunately, only a small fraction of Paque’s
micrographs. In addition, similar “primary texture” has been unigue chondrule collection data have been studied and re-
observed in other (less altered, or unaltered CO-type) mete-duced, not to mention published. Part of the goal of this
orites as well (cf. Brearley, 1993). paper is to motivate further studies of this or similar data
This evidence leads to the inference that the very ear- Sets. The reason for this, as discussed below, is that a more
liest generation of accumulated particles—the first primi- Precise measurement of the slope of g vs. Veore re-
tive bodies—contained only dust-rimmed coarse particles Iathnshlp can provide critical constraints on the accretion
(chondrules and the like), and that the more familiar mix of €nvironment.
rimmed and fragmented chondrules within a structureless in-
terstitial matrix of fine dust was a result of post-accretional 1.2. Particle-gasinteractions
mechanical fragmentation and abrasion of the primary tex-
ture on a parent body, during the subsequent collisional The interaction between a particle and the surrounding
evolution that surely occurred (Metzler et al., 1992). In a gas is determined by the particle stopping tigiefor parti-
similar way, in OCs, only samples which have escaped brec-cles such as we deal with here, which are smaller than a gas
ciation exhibit rims around all coarse components (Metzler molecular mean free path, the Epstein regime applies (Wei-




Accretion of dust rims by chondrules 487

denschilling, 1977): work validate the early scaling laws of Kolmogorov which
, allow us to express the typical fluctuating velocity) and
Ps .
Is = —, (1) eddy frequencyo(l) on any scald as simple powerlaws:
Chg v(l) = Vi d/L)Y3 andw(l) = 2(L)(I/L)~?/3 (Cuzzi and
wherer is particle radiusp; is particle material density, is Hogan, 2003). The overturn time of an eddy of lengthstale
the nebula sound speed, apgl is the nebula gas density isjustz. () =1/w(l).
(Weidenschilling, 1977). Treatment of the interaction of particles and turbulent

In a nonturbulent, otaminar, nebula where the particle gas is more difficult than in the laminar case, because the
is subject only to a constant acceleratigrthe particle—gas  accelerations to which it is subject are those of turbulent ed-
relative velocityV,,, is simply the terminal velocityz,. The dies, which fluctuate on a variety of timescalgd). The
accretion of fine grained chondrule rims in such a nebula problem was first addressed by Vdlk et al. (1980), again by
environment was discussed by Morfill et al. (1998), who as- Markiewicz et al. (1991), and most recently by Cuzzi and
sumed that the rimming was done as chondrules move atHogan (2003). Cuzzi and Hogan (2003) (henceforth CHO3)
terminal velocityat,, with a = constant, in what they must  presented simple analytical expressions for three kinds of
have presumed to belaminar nebula. They left the cause particle velocities in turbulence, based on the approach of
of this acceleration open, but it could be gravitational set- Volk et al. (1980) (henceforth VIMR), and Markiewicz et al.
tling in a laminar nebula, gas-drag driven radial drift, or a (1991) (henceforth MMV). The three kinds of velocities are
combinationt the inertial space random velocity,, the relative velocity

In this paper we focus on how the process would work in between particles and ga%,, and the relative velocity be-

a weaklyturbulent nebula. It remains unresolved at this time  tween comparable size particl&g,,.
whether the nebula gas was turbulent or laminar during the CHO3 emphasized particles with stopping timgsom-
chondrule era. In previous papers, we have suggested thaparable to the overturn timg of Kolmogorov scale eddies.
some of the observed properties of chondrules themselves—Particles in this size regime have behavior more complex
their typical size and size distribution—can be associated than tiny “dust” grains, which are essentially trapped to the
with, and easily explained by, the effects of weak nebula gas flow on all scales. In particular, particles with= 1, are
turbulence, and argued that turbulence in the sense of fluc-subjectto “preferential concentration” by large factors in tur-
tuating gas motions and diffusivity, which is of most interest bulence, and based on some of its apparent fingerprints in
to us, can be present even if turbulerdcosity, capable of the meteorite record, we have suggested a link between this
evolving the nebula, is not (Cuzzi et al., 1996, 2001). Here, process, chondrules, and primary accretion. Specifically, we
for simplicity, we will merely adopt the standartgdmodel refer to the fact that thiypical size and theshape of the size
formalism and ignore the distinction between turbulent vis- distribution of chondrules are readily explained by turbulent
cosity and turbulent diffusivity (e.g., Prinn, 1990). A tur- concentration (Cuzzi et al., 1996, 2001).
bulent nebula is characterized by the turbulent gas velocity In a second paper (Cuzzi et al., 2003) we explored how
V, = Vi on some largest eddy, or integral lengthsdal@he turbulent diffusion and gas-drag-driven radial drift combine
intensity of turbulence can be characterized by the square ofto evolve CAls throughout the nebula over an extended pe-
the turbulent match number= Vg2/c2, wherex can be as-  riod of several Myr. In a nebula that is even weakly turbu-
sociated with the standard Shakura—Sunyaev parameter anéent, the vertical component of gravity is negligible com-
is widely used in nebula modeling. Since the overturn fre- pared to turbulent accelerations from eddies; chondrule-
quencys2; of the largest true eddk is probably comparable  sized particles do not “settle” significantly, but merely dif-
to the local Keplerian frequencg,, it can be easily shown  fuse around. In this perspective then, both CAls and chon-
thatL2/H? = o as well, whereH is the vertical scale height  drules should show some evidence of an extended nebula
of the nebula (see Cuzzi et al., 2001, for more detail). Thus, evolution.
L = Ha'2 and Vo= ca/2. The nebula Reynolds number In the turbulent regime, particle aerodynamic behavior is
Re= LV /v, wherev is the molecular viscosity, character- determined by the Stokes numli&ythe ratio of the particle
izes the intensity of turbulence; in themodel formalism  stopping time to the overturn time of some characteristic
Re= LV /v =acH/v. High-Returbulence is characterized ~eddy. We will make use of Stokes numbers defined relative
by aninertial range of lengthscales, from the largest scale  to two different eddy overturn timescales: the Stokes num-
to the smallest, or Kolmogorov scate Dimensional argu-  ber relative to the largest, or integral scale eddy time
ments alone lead to the relationshign = Re¥*. Energy St;, = t;/t, and that defined relative to the smallest, or Kol-
flows nearly losslessly down this range and is dissipated atmogorov scale eddy timg: St, = #;/t,. The overturn time
the smallest scales. Decades of observations and theoreticadf the largest scale eddy is generally regarded as the lo-
cal orbit period. Preferentially concentrated particles (chon-
1 A variant was discussed by Liffman and Toscano (2000). In which it drules, we have SUQ_gze/gtEd) h&ﬁ: 1 aﬂg/?L <1 S".me
was suggested that fine grained rims can accrete in a circumstellar Winda)(n)/‘Q (L) = (n/L) , and n/L =Re » any partICIe

reentry environment at relative impact velocitiesgf, > 1 km/sec. We havingS, = 1 will also haveSt, = Re~1/2. For these par-
do not regard this as credible, based on the results of Section 3. ticles, which are smaller than the gas molecular mean free
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path, the stopping timg = rp, /cp, (EQ. (1)), that isf, and directly to
thusS;, arelinearly proportional to particle radius. In this Re—1/4 1/4
. . . . . e V

paper we suggest that this special relationship might havey (s, =1) = v, = Cal/4<_> ; (3)

left fingerprints in the properties of accretionary rims, and V2 4cH

indicate ways this might be more carefully tested. where we have substituteld, = cal/? (Cuzzi et al., 2001).
The interested reader is referred to CHO3 for further details.

1.2.1. The particle-gas velocity V,, Thus, while the particle—gas relative velocity in tur-

CHO3 discuss the important role of the gas velocity au- bulence isgenerally proportional to/S; for small &,

tocorrelation function along a particle trajectory (see also a steeper dependenceldf, on S, andS, applies to parti-

VJIMR and MMV). Simple analytical forms are traditionally ~ cles withSt, < 1. Bear in mind tha& o r for the particles

used, but the form used has implications for the particle- of interest. Thus, evidence for a nearly linear dependence

size dependence of particle velocities—particuldrfy of of V,, onr, if the environment was turbulent, would im-

most interest to us here. Past discussions of dust rimmingply that the particles in question weSg, < 1 particles. This

have assumed thaf,,(r) o Stl/z, as implied by the re-  new result derives directly from the use of the improved gas

sults of VIMR. However, more recent discussions (MMV, Velocity autocorrelation function of MMV and CHO3.

CHO03) imply that for small particles, probably including the

chondrule-CAl size range, the best autocorrelation function o _ _

leads toV,,(r) o Str.. The general form oV, is (CH03, 2. Rimming of coarse particlesby fine dust

Eq. (19)):

y2 _vz[ S (Re"? — 1) }
PE 8 (S + 1) (SLREVZ 4+ 1) |

2.1. Amodel for dust rimming

) 2.1.1. Constant ambient dust density
In a situation where the ambient dust dengifyremains

_ The results of CHO3 for both,, andV),,, (the interpar-  constant= p,,, a particle accretes rim massin at the rate
ticle relative velocity for similar-sized particles) are shown

in Fig. 2, for three different values of nebuRe. It is sim- drmim = 7r2(t) paoV, (r(n)& (4)
. . dt 124 ’
ply shown by retaining leading terms that Eq. (2) foy,
results in three separate regimég;, ~ V, for &, > 1, wherer (¢) is the instantaneous radius of the rimmed parti-
Vg & 31/2 forRe Y2 <, « 1, andV,, o S, Rel/4 for cle, p4, is the ambient mass density of fine grained dust in

the nebula, and is the sticking coefficient (which could, in
principle, be negative if net erosion occurs). Thus in some
rimming timetim,

S; < Re /2, This is confirmed by inspection of Fig. 2. In
the special case &, = 1, orS;, = Re"/2 (locations indi-
cated by vertical lines for eadRe in Fig. 2), Eq. (2) reduces

Trim
Pd
100 SSNLLALLL B L] B R L LLL B R AL B 203 Vrlm(trlm):/nrz(t)< O)Vpg(r(t))sdt
; A Prim
. F ] 0
I ] trimd ol
i _ Y
= / (voh dt, (5)
w1071 | . dt
S ] 0
& C ] where we have separated the volume and mass density of the
o - ] rim. We can then obtain an expression f¢r) as follows:
& L i
2 d(vol) §0doVpg(r)
> 10-2 | - dr(t) = = dt. 6
i § "= 420 " 4pm ©)
C ] To integrate Eqg. (5), we first approximat¥,,(r) =
B | Va(r/r1)? where the subscript denotes values at some ref-
a ) erence particle radius;, which we take as that leading to
10-3 £l ERRTIT ERTERRE (11| BRI R RTTTI B S RTT! —1-
105 104 108  10®  10°!  10° Sy =1, then,
St d V-
L r §pioV1 dr o

P A P
Fig. 2. Vpg(S) (dotted; Eq. (2)) and/p,(Sty) (solid; CHO3, Eq. (24)) re 4Pr|m”1
for Re= 10% (a), 10 (b), and 18 (c). The digitized resuilts of MMV (their  with initial conditionr = r, att = 0, wherer, is the radius

Fig. 5) for Vpp, for the same three values BE, are shown by the dashed  of the core solid particle. This can be integrated to obtain for
lines. TheV,,, expression of CHO3 is invalid fd&; > 0.1 or so (see text). p=1:

Vpp drops precipitously folSt; < Re~1/2 (locations indicated by verti-
cal lines) because no smaller eddies exist to stir rand®ative velocities 11
(MMV, CHO3). r(t)=rce'’', wheret, =

4;0rimrl> ®)

épd oV1



Accretion of dust rims by chondrules

andr, is the characteristic accretion time of Morfill et al.
(1998). Similarly, forp # 1:

r(r>=rc<1+—> :
p
1-p Ao P p—1
Te Lrim7y ) la (”1)
wherer, = = — . 9
’ (1_]7)(%_:0(2’0‘/1 1-p\re ()
Equation (9) reduces to Eq. (8) in the limit— 1. Simpli-

fying Eq. (5) by assuming and prim are constant, using
Eq. (8), and integrating over we get forp =1

frim

Pdo / r2(0)V g (r (1)) d

nm

Viim (trim) = 7§

= Vcore[eatrim/ta - 1]1 (10)

whereVeore= 4nr§/3 is the volume of the core. For# 1,
Eq. (5) becomes (using Eq. (9)):

frim
r-\? ¢ (2+p)/(1=p)
‘/rim(l‘rim)=7'55"c’zv1 —~ (_C) /<1+_) dt

Prim \ 71 p

= Vcore[(1+ trim/1p)¥ 7P — 1]- (11)
All prefactors other thari;ore cancel upon changing vari-
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.
rim volume (cm-3)

rim volume/core volume

0.1

100 1000

core radius (u)

Fig. 3. Rim volume predictions (light weight lines, from Eq. (11)) and ob-
servations for Allende (solid symbols; Paque and Cuzzi, 1997, as in Fig. 1).
The predictions are fop =0, 0.5, 0.7, 0.9, and 1.0. (Top panel) Direct cal-
culation of rim volume as a function of core radius. (Bottom panel) Rim
volume/core volume as a function of core radius. In the top panel we also

ables and integrating by parts. Note that these resultsshow a formal least squares fit to the data (heavy solid line) and its formal

show directly how the functional dependence W, (r)
(through p) affects the dependence dfim on r.. For
p #1 (Eq. (11)), an additional. dependence enters in the
timescaler, (Eq. (9)). Only for p ~ 1 is the simple pro-
portionality to Veore = r2 seen (Eq. (10)); expansions show
that the timescal@, has very weak.-dependence even for
p~1

We will define ¢ = V;im/ Veore and rearrange the equa-
tions to solve for the rimming time after which a given rim
volume is accreted; fop # 1,

Aprnre 'y
Pdot V1
Unlessp ~ 1, this expression has a complicated implicit de-

pendence on., which appears both in the prefactor and in

[A+)E=P73 1] (12)

fim =

We reiterate here the very important fact that, for chond-

one-sigma limits (heavy dotted lines).

V1 andry are taken to be the values &f,, andr where

S, = 1 exactly (see Eq. (3)). We obtaif, from Eq. (3) and

we obtainr; from Cuzzi et al. (2001, Eq. (8)); at 2.5 AU,

r1 = 1.3 x 1004(F/a)¥? cm, whereF is some mass den-
sity enhancement over the minimum mass nebula (we as-
sumeF = 1 here). The meaning afim in Eq. (14) is that
time whichsimultaneously givesall particlesin the observed
range of sizes surrounding &, =1 their observed rim vol-
umes, each proportional to the volume of the underlying
core.

In Fig. 3 we compare the rim volume predictions from
Eq. (11) forp =0, 0.5, 0.7, 0.9, and 1.0 (light weight lines;
p=0 andp =1 are labeled) with the data of Paque and
Cuzzi (1997), in two different formats. The solid symbols

rule-size particles under nebula gas densities, the stoppingare the data; the heavy solid line in the top panel is the formal

time ¢, is linearly proportional to the product of the instan-

taneous particle radius(z) and average particle material

densityps (i.e., Eq. (1)):
_r()ps

s cpg .

Since CHO3 showed that,, (r) is nearly proportional t&;,

in the chondrule size range, a8d « f; o r, this means that

p ~ 1 is just what we would expect for chondrules in weak

turbulence. Thus, we can either approximate the alpoxel

expression in the limitfp — 1| < 1, or invert thep =1 ex-

pression directly, and obtain the same result, valigfer 1:

(13)

4primr1
3pdo V1

INn(A+2¢). (14)

frim =

best fit to the data of the function 18¢, = alog Veore+ b,

and the heavy dotted lines represent the range covered by
one-sigma uncertainty in. The models only need to assume
trim/t, = 0.2 andr1 = 130u (as noted above) to approximate
the relative rim/core volumes in both panels; other parame-
ters cancel. The formal fit to the limited existing data (heavy
line) lies betweenp = 0.7 andp = 0.9, but cannot really rule
out eitherp =0.5 or p =1.0. For comparison, a value of

p =0.75 is predicted by CHO3 for particles with, = 1,

as easily found by evaluating the derivative of Eq. (19) of
CHO3 for V() atSt, = 1, whereSt;, = Re~Y/2, using the
fact thatSr is proportional to particle radius for chondrules.
Thus, our hypothesis that chondrules are ind&ige- 1 par-
ticles is consistent with the limited current data; about 5-10
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times as many points with comparable or smaller variance
would probably suffice to confirm or refute the hypothesis.

2.1.2. Variable ambient dust density

Morfill et al. (1998) suggested one way in which all the
particles in a meteorite could share the samg specifi-
cally, if all the chondrules in some restricted volume of the
nebula depleted all the ambient dust in that volume. Below
we amplify on the results of Morfill et al. (1998). To keep
the math simple, we merely assume & 1 dependence of
V,e(r); our generalized derivations above indicate that our
own p =1 rimming equations remain approximately valid
as long ay is not too different from unity.

Morfill et al. (1998) showed that the time-dependent am-
bient dust density, (r) may be written in the form

Pd poe_t/td (15)
Pdo N Pco + ;Odoe_t/td '
where
4r10rim Pdo
17 3p, Ve <3p0 “ (16)

is another timescale which can be associated with the envi-
ronment, ando, = pco + Pdo = Po(feo + fao) IS the total
volume mass density in solids. That is, the initial mass den-
sity in chondrules and in dust apg, andpy,, respectively,
and f,, and f;, are their respective fractions of the total
mass density in solids,. Note thatz; itself is not the de-
pletion timescale in general; for instance it is independent
of how p, is distributed between dusf,,) and chondrules
(feo), and clearly the depletion time must depend on this
partitioning. Equation (15) may be crudely approximated as
an exponential decay of the dust density by solving for the
timer =t* at whichp,/p4, has fallen to le; thatis,

P oiif)
Pdo Jeo ’

Figure 4 shows the exact solution far/ o4, (EQ. (15), solid
lines) and its crude exponential approximatiogy o4, =
exp(—t/t*) (dotted lines).

We continue to follow the Morfill et al. derivation of
rimmed patrticle sizes (their Eq. (7)), using Eg. (15) and gen-
eralizing to unequal core density and rim densityprim. In
our notation, the ratio of the final (rimmed particle) radius
to the core radius, is

L — (1_ fdo(l_ e—t/td))—Ps/(3prim)

— o' and t*:tdln< a7)

re
= (fc()(l — e_t/td) + e—f/td)—/)s/(3prim). (18)

Figure 5 shows how/r. increases with time, asymptoting
on the timescale* (dotted lines)—the same timescale on
which the ambient dust is depleted—at a particle sizeg
rim thickness- — r. which depends only on the initial parti-
tioning of solids into chondrules and dust:

. r _ 3o
lim = = fmps/( Prlm)'
>4 re

(19)
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Fig. 4. Depletion of fine grained dust mass dengjiyr) in a confined vol-

ume by chondrules having two different values of the initial fractfpn of

the solid mass. Solid lines: exact expression (Eqg. (15)); dotted lines: expo-
nential depletion approximation (Eq. (17)). Ffi, = 0.5, t* ~ 1.5¢4; for

feo =0.05,1* ~ 35¢4.

5

r/rcore

t/t, or t/t

Fig. 5. Growth of particles by rimming in fine dust, for several different
initial chondrule mass fractiong.,. The histories are plotted against two
characteristic timescalesyz; (solid) andz/¢* (dotted). Particles grow-
ing from smaller values of., take longer to reach their asymptotic size
(t ~ 6ty for feo =0.01 vs.r =~ 2t; for f., = 0.5); however for eacly,,

the particles asymptote at~ 1.5*. This supports use of* as the more
useful characteristic timescale.

In Fig. 5 we recall meteoritical data and anticipate the results
of the next section by setting;in ~ p,. However, before
making quantitative estimates gy, ¢4, *, and other quan-
tities of meteoritical interest, we must address (in the next
section) two additional important determining parameters:
the sticking coefficientq) and rim densityoyim.

Summarizing this section, we have derived expressions
for rim volume (or final particle radius) as a function of
core volume (or radius) which directly reflect the under-
lying particle-size dependent gas-relative velocity, =
Vi(r/r)?. If Ve ocr, @ simple linear proportionality be-
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tween rim volume and core volume resultspik 1, a flatter DT97 also studied collisions between fluffy aggregates;
dependence results. Particles wiih) < 1 have a purely lin- this is known as CCA or cluster—cluster accretion. They
earr-dependence foV,,, and particles wittt, > 1 have showed, using a model for the deformation of chains and
Vpg r1/2 (Section 1.2.1 see, e.qg., Fig. 2). While both these clusters of grains, that two new energy thresholds emerged.
extreme limits lie near the one-sigma formal uncertainties of For E. < E\es, two clusters of masa simply stick and at-

a best fit to the best existing (very limited) rim volume data, tach at their first point of contact, just as two monomers
preferentially concentrated particles, with &, = 1, have an would, forming a larger cluster (CCA). For larger collision
intermediate velocity dependendg, o 075 that is quite energies, the aggregatestructure, and absorb some energy
consistent with the data. The data are thus very consistentby deforming chains andecoming more compact. That is,

with the hypothesis that chondrules are ind&gd~ 1 parti- after a sufficient number of monomers stick to create a loose
cles, experiencing weak nebula turbulence as described herdractal aggregate, deformation within this aggregate allows
and in Cuzzi et al. (2001). Additional observations of rim collisions at higher relative velocities to result in sticking
thicknesses which are both more accurate and more pre-and merging of the two aggregates into one denser aggre-
cise are needed to distinguish more clearly between thegate. The compacting process proceeds to greater degree and
degrees ohear-linear size dependence. We calculate rim density, until some disruption threshold enerfys, after
thicknesses under two different assumptions—first, that the which point the clusters and/or rim structures begin to be
ambient dust density remains constant during rim accretion, destroyed by the energy of the collision. They showed that
and second (following Morfill et al., 1998) that the rimming these threshold energies could be related to mechanical prop-
of dust grains occurs in a closed environment, wherein the erties of the grain material and to the size of the monomers.
complete depletion of dust onto chondrule surfaces auto-In most cases, DT97 modeled collisions between clusters
matically provides all chondrules in the volume with the of n,, = 100 monomers. The ability of a cluster to absorb
same characteristic rim accretion timescale. We explicitly and dissipate energy by deformation, rather than by flying
derive the characteristic timescale for this proce$sas a apart or eroding, is, conservatively, proportional to the num-
function of the initial mass partitioning into chondrules and ber of grain contacts, ~ n,, involved (DT97, their Fig. 17).

dust. Quantitatively, however, the rimming tim&sand 4 Unfortunately, only spherical grains can be modeled, which
presented in Section 4 depend on rim density and sticking misses the possibility that irregular grains touch at several
coefficient, which we address in the next section. different points, but it also misses possibilities where con-

tacts have even smaller radii of curvature than modeled, and
are thus even easier to deform. It is an approximate theory

3. Sticking of grainsand aggregates for sure, but useful for guidance at the astrophysical accu-
racy level.
Little is known with confidence about the sticking proc- The results of DT97 may be modeled as follows (see

ess, because neither laboratory experiments nor theoreticaDT97, their Fig. 18):
models provide a high-fidelity representation of nebula ma-
terials or conditions. However, it is possible to make “as- E,.s= <n ) R(1M)< )ergs
trophysical accuracy” estimates of what we might expect 100 1
to occur when chondrules encounter fine grains, based on _ "m 1
a combination of theoretical and experimental results. M=\ 100 Evw| T ) eres
Theoretical and numerical models by Chokshi et al. ro \ 43
(1993) and Dominik and Tielens (1997, and references Edi5=< )ED(1M)< ) ergs
therein) as updated by subsequent laboratory measurements 100
(Wurm and Blum, 1998, 2000; Heim et al., 1999; Poppe wherer, is monomer radius, andz(1u), Ex(1p), and
et al., 2000) can be used to get a sense of how grain aggregak p (1) are threshold energies for restructuring, maximum
tion proceeds for different materials and relative velocities. compression, and disruption of aggregates composeg of 1
Consider monomer grains of massand radius-,. Chok- radius monomers, respectively. These threshold energies are
shi et al. (1993) and Dominik and Tielens (1997) (henceforth simply related to two different critical energies (for rolling
DT97) showed that the collision kinetic energy = mV 2 and breaking) as seen in DT97 (their Table 3), and their val-
below which sticking of identical grains occur&d;ck) |s ues can be read directly from Fig. 18 of DT97 for a reduced
nearly proportional ta, (their Fig. 18). This means that radiusr, /2. There is some evidence tha, is several times
small grains stick more readily than large ones. Relative larger for “core—mantle” aggregates (DT97, their Fig. 17),
velocities between micron-sized grains in plausible nebula such as might characterize immed chondrule surfaces which
turbulence are well below this critical threshold, so we ex- are our application of interest, so below we apply a factor
pect fine grains (smaller than a few microns) to form small, of 3 to our selection ofEp. In more recent work (Heim
fluffy aggregates readily—they stick where they touch. This et al., 1999; Blum and Wurm, 2000), these very regimes
process is normally referred to as PCA (particle—cluster ac- are observed experimentally in the same order and with the
cretion, see Beckwith et al., 2000, for a review). same relative threshold velocities. However, quantitatively,

(20)
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the surface energies and velocity thresholds have been foundvheren,, cancels leaving
to be larger than assumed by DT97 (also reviewed in Beck- 1.6 x 10°E g 3y (110)
with et al., 2000). Specifically, the energy threshold control- y2 .~ = X RMH)
ling Ex and Ey is a factor of 18 larger than adopted by ~ ~¥" (rm /110
DT97 and the energy threshold characterizifygis about a Similarly, for disruption of the aggregate and/or a compara-
factor of 5 larger. Thus we will adopt the following thresh- ble mass of rim,

olds: _16x10°Ep(1p)

(23)

2
Er(lp) = 5.4 x 10~8ergs Vg0 ™ = 673 (24)
Ey(1p) =18 x 10 ®ergs Then assuming all monomers arg tadius for simplic-
Ep(lp)=15x 1074 ergs (21) ity, restructuring of fluffy aggregate rims startsigs, ~ 10

cm/sec, maximum compaction occurs n&g ~ 50 cnysec,
and disruption does not occur unid),, exceeds 300 cyisec
or so. These thresholds are consistent with the experiments
of Blum and Wurm (2000). It can also be determined from
DT97 (their Fig. 18) that the energy threshold at which ero-
sion of monomers starts to play a role is about 18 times
lower than the disruption threshold. Poppe et al. (2000) note
that irregular particle shapes seem to increase the sticking
(disruption) threshold velocity significantly; since rim grains
are nonspherical, but equidimensional (Ashworth, 1977) the
effect of shape on the restructuring and compaction thresh-
olds is not clear. In addition, triboelectric charging effects
(Desch and Cuzzi, 2000; Marshall and Cuzzi, 2001) might
play a role. C. Dominik (personal communication, 2002)
believes that electrostatic forces, if present, might increase
the disruption threshold even further, but will not affect the
rolling contacts which control restructuring and compaction.
We emphasize that, due to the simplified nature of these

stimates, the compaction—disruption energies are probably
uncertain by factors of several.

Recall our derivation of the values &f,, expected for

chondrules in weak nebula turbulence (Eq. (3)):

Since Eyjs refers to an aggregate of 100 micron-radius
grains, it can be rewritten as 2A1( erg/g using the above
value of Ep, which is comparable, for instance, with values
typically used by Weidenschilling (e.g., 1997). Meteorite ev-
idence tells us about the properties of “fine grains” in chon-
drule rims and the overall enveloping matrix, as described
in Section 1.1. The grains are in the micron size range,
in general. As discussed above, micron-sized and smaller
grains are so strongly tied to the gas that their relative ve-
locity is always extremely small; thus, collisions between
micron-sized particles occur only at such slow velocities
as readily result in sticking rather than bouncing (Weiden-
schilling, 1988). Consequently we expect that most grains
in the micron size range will quickly form aggregates of
similar grains, rather than spending their nebula lifetime as
monomers. Chondrules drifting through the gas at relative
velocity V,,, most likely encounter dust grains not one at a
time, but in clusters which are very fluffy, fractal aggregates
having the same aerodynamic properties as the monomer
of which they are assemblédn an important observation,
Brearley (1993, 1996) notes that much of the rim and ma-
trix grain material in two different carbonaceous chondrites
can actually be resolved into small clusters or aggregates v\ 4
of grains with noticeably different properties—something Vps(Sty=1) = V1= Cotl/4(ﬁ> (25)
like “cluster IDPs” perhaps. This phenomenon is very much
along the lines of expectations for nebula aggregation as dis- ~ The values of Eq. (25) are plotted in Fig. 6, along with the
Cussed abOVe, and if SO may be true for a” Samp|es_ threshold ValueS OVR’M’D for micron Size particles, as We”

Assuming the (already partially immed) chondrule to be @s an “erosion” threshold’z ~ Vp /4, where monomers
of mass far greater than the impinging aggregate, the relevangtart to be lost. In this figure (relevant to 2.5 AU) we as-

collisional energy is that of the aggregate, taken,a&enti- sumec = 1.5 km/sec,H /R = 0.05, and molecular viscosity

cal monomers of radiusn and densitwm ~ ps (the densiw V= 106 sz/seC. Itis of interest that, overavery wide range

of the silicate chondrule itself); thus, = %nmﬂpsrn% V2. of potential values of nebula, the entire range of velocities

Setting E. equal to the various threshold energies, we solve We predict for presumabi§t, = 1 chondrules relative to the

for the corresponding critical velocities: gas, and thus to monomers or aggregates of monomers, is
" . within the range where highly porous, fluffy structures are

m m\ _ ~ 3,2 i
<1—00> ERM(lM)(E) = Ec ™~ 20 057 Ve (22) compacted, but not disrupted.

More complete future studies should take several factors
into considerationV,, and thusk. are not really single-

2 Both types of accretion produce grains with fractal dependence of den- Valued, but obey a probability distribution function; some
sity on size, where the dimension of the fractal is lower for CCA than PCA. collisions are unusually slow, or approach from the trail-
For either PCA or CCA, the density of the aggregate drops sufficiently ing side, and might provide those first few sticking events
rapidly with increasing size, that the stopping timeof the cluster does needed to build up a porous “cushion” for subsequent ac-

not increase as it grows; roughly speaking, for such a particle with den- . . . . .
sity decreasing as/t (cf. Beckwith et al., 2000), the produep (which cumulation. Or, the first grains to stick might well be the

determines the aerodynamic stopping time) remains constant. Thus aerodyiniest in the ambient_ populatipn, .again he'Ping to get the
namically, fractal aggregates of this sort behave just like monomers. process started. In this sense it might be of interest that OC
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E (b) it seems reasonable for rims to attain fairly high den-
sity as they become compacted by successive incoming
grains and aggregates.
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100 3.1. Why are CAls different?

If the relationshipVyim o Veore persisted from chondrule-

j sized to CAl-sized particles, we would expect CAls to have
much thicker rims than chondrules. This aspect of CAls has
not been studied systematically, but it seems that while CAls
do show evidence for fine-grained accretion rims (MacPher-
son et al., 1985; Krot et al., 2002), the rims are thinner, in
a relative sense, than for chondrules in the same meteorites
(e.g., CVs). Furthermore, the fine grained dust lies preferen-
tially in hollows and cavities in the (often irregular) surfaces
of these CAls. While we will not pursue a detailed model of
CAIl rimming in this paper, we will point out that the sparse
observations to date are compatible with theoretical expecta-
tions. Primarily large CAls have been studied to date. Being
larger, these objects have commensurably lakger which
places them in the erosive or even disruptive regime (Fig. 6).
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Fig. 6. The relative velocity/,¢ = V1 (solid line) between particles having

S, =1 (assumed to be chondrule size) and the nebula gas with its em-
bedded fine grained dust, for a wide range of candidate nebwtdlues.
Shown by the horizontal dotted lines are threshold velocities for restruc-
turing (Vg), maximal compaction¥(y;), erosion of monomersig), and
disruption (/p) of rims composed of swept-up aggregates of micron-radius
grains. Note that/y is very weakly dependent om for Si,-sized parti- The fact that accretion rims survive in protected hollows,

cles, and its likely values (fax ~ 10~% to 102) fall in the range where  sometimes to rather significant depth, tends to support the
T ) I e et et concept hat A suraces re sandblsted by v of e
Vppg would thus be conside,rably larger and exceed thegerosion threshold f<;r hlg‘hervfg’ and. accrete rims with more dIffICL.Jlty. Extenspn
nominale. to “fluffy” CAls is more complex because, being fluffy, their

ty is not so simply related to their apparent size. It is not
. . _ out of the question that thelr,, is sosmall for this reason
rims at least (which are the thinnest) do tend to be com- that they might again accrete rims only fairly slowly. In this
pOSEd of smaller grainS than the enVElOping matrix. Accre- regard, chondrules m|ght occupy the region of phase space
tion mightboth compact the rimand erode off some of the  here theirv,, is large enough to bring them into contact
more loosely bound fingers, creating the rounded configura-ith a large amount of dust, but small enough to allow them
tions we now see. For instance, Lauretta and Buseck (2003)o retain it. More detailed pursuit of these arguments is pre-
note both the very small grain size in OC rims, and the ten- mature without more actual data on fine-grained rims, but
dency for rims to be thicker in embayments, which would at |east the differences between CAl and chondrule rimming

be protected; a similar tendency is seen in CAls (see below).do not seem to rule out the perspective advanced here.
There might always be a few fluffy fractal fingers left hang-

ing off any rimmed chondrule, but these delicate structures
would quickly lose their identity as rimmed chondrules col- 4. Predicted valuesfor rimming times
lide with each other or are abraded in a regolith breccia (or
during disaggregation on Earth). The fact that accretionary ~ Several groups have estimated rimming times in the
dust mantles fill in the hollows first and have rounded ex- past, but their estimates, and the parameters determining
teriors, independent of the shape of the core, indicates thatthem, vary widely. Kring (1988) estimated rimming times
perfect sticking is unlikely and that some erosion must also of minutes to tens of years. Metzler et al. (1992) estimated
be occurring. This is especially obvious for CAls (see be- tens of thousands of years under highly turbulent condi-
low). Finally, the low porosity of rims is even more easily tions (V, ~ 0.1c, ora = 10~2), but without any details as to
explained if the accreting dust grains have a size distribu- f,,, f;,, etc.; also Metzler et al. (1991) and (1992) adopted
tion, as is likely, with smaller grains being able to slip in a relationship oW, o r/2 in turbulence, apparently based
between larger ones. on the original VIJMR results (see Section 1.2.1). They also

Overall, the combination of laboratory and observed state that in a quiescent nebula, where settling under grav-
properties thus implies that ity produces a lineaV,, (r), as in Morfill et al. (1998), the

rim formation time was over 10years, much longer than

(a) while some erosion might be occurring, a reasonable the descent time of several thousand years. This is puzzling

sticking probabilityt is justified for chondrules (subse-
quently we adopt ~ 0.3 to within a factor of 3 in either
direction), and

because a 1Q0radius chondrule encounters 10-50 times
more than enough material to make its rim on one vertical
descent through such a nebula; however, the details of these
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calculations have not been published, and are apparently su-

perceded by the work of Morfill et al. (1998), who do not
distinguish turbulent from laminar environments, and who
do not give a rim formation timescale. It is clear that esti-

mating timescales is very much dependent on the assumed

properties of the nebula, the sticking coefficient, one’s the-
ories for V,,(r), etc. We feel that, using parameters and

relationships derived in the previous sections and papers, we

can now estimate chondrule rimming times under different

assumptions about the environment, with at least a degree of

understanding of the likely range of values and of how para-
meters affect them.

The rimming timerim in turbulence, under constant am-
bient dust density,, (Eqg. (14)) is plotted in Fig. 7, as a
function ofa and for several values gf= rim volume/core
volume. For this plot and other plots in this section, we
assumed a location of 2.5 AU, with gas densityl k
10710 g/cm? and a mass fraction in all solids ¢f, =
5 x 10~3. We assumed a sticking coefficiept= 0.3, and
a rim densityorim which is 90% of the core density;
3.0 g/cm®. We used Eq. (3) fo; and Eq. (8) of Cuzzi
et al. (2001) forri—the size of particle which is pref-
erentially concentrated for each value @f We assumed
¢ =1.5 km/sec and = 10 cn?/sec (cf. e.g., Cuzzi et al.,
2001).tim, 24, and¢* can be easily scaled to other values
of these parameters. For simplicity in Fig. 7 faf, we as-
sumed all solids were in the fine dust componef} & 0),
because the presumption of invariait, more or less as-
sumes its value is maintained by mixing, or some outside
influence, regardless of.,.

The influence off,,, in the case where dust becomes de-
pleted in a restricted volume, is more clearly seen in the
following figures. Figure 8 shows (Eqg. (16); heavy line)
andr* (Eq. (17); for several values ¢f,; lighter lines). The
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Fig. 7. The rimming timeyy, under conditions of constant ambient nebula
dust densityp,,, for ¢ (rim volume/core volume)= 0.1, 0.3, 1.0, and 3.0.
The CM chondrules of Metzler et al. (1992) have- 2.4 and the CV chon-
drules of Paque and Cuzzi (1997) haye-0.7 (see Fig. 4). Parameters
assumed in these curves are given in Section 4.
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Fig. 8. The depletion timesg; (heavy line) and* (light lines) for a sce-
nario in which chondrules deplete all the fine dust in some volume without
replenishment. The lines of are for f, = 0.01, 0.03, 0.1, 0.3, and 1.0,
from top to bottom, and*( /., = 1) = t; (see text, Section 4). Typical rim-
ming times in this scenario are in the 100—1000 year range for plausible
values ofo which select chondrules for preferential concentration (Cuzzi et
al., 2001).
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Fig. 9. The asymptotic rim thickness in a dust-depletion rimming scenario
as a function off,. Observed rim thicknesses are shown for CM and OC
chondrules (see Section 4).

line for t*(f;, = 1) naturally overlaps the line fay;. These
times are rather longer thagm, sincep, is decreasing sig-
nificantly over the formation time of the rim, but still lie in
the 100-1000 year time range for plausible parameters.

If one were to accept or to decide that the “depletion-
determined” rimming time condition of Morfill et al. is the
case, one can use the observed rim thickness to constrain
the initial partitioning of matter into dust and chondrules, as
Morfill et al. noted. Recall from Fig. 5, and Eqg. (19), that the
asymptotic rim thickness is only a function of the initja),.

In Fig. 9 we show this relationship explicitly, along with ob-
served typical rim thicknesses for CM chondrites (Metzler
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et al. (1992) and Unequilibrated Ordinary Chondrites (OC), all local dust, then a second implication follows that what-
Allen et al. (1980)). ever process is responsible for primary accretion must op-
erate on a timescale which must be short compared to the
timescale on which a new ensemble of “fresh” chondrules
5. Implications and speculations are created—unlesd! chondrules in the volume were re-
processed. If this were not true, the newer chondrules would
Merging the rimming effects and other processes dis- be unrimmed if sweepup were complete, or less rimmed if
cussed here with those we have discussed previously (Cuzzit were not yet complete. This would blur or eliminate the
et al., 2001, 2003; CHO3) into a self-consistent scenario of relationship between core size and rim thickness (Fig. 1).
primary accretion will take more effort. However, even at Whether the sweepup is complete or not will depend on
this point a few interesting implications of the turbulent neb- the primary accretion timescale compared to the rimming
ula premise may be noted. timescale. If the primary accretion timescale is shorter than
One interesting comparison is between the dust sweepupthe rimming timescale, this becomes the common rimming

timesz; and+* (Fig. 8, Section 4) and the time it takes for time. This line of argument also seems to favor heating
material to diffuse various radial distances. Thisis illustrated events at least a significant fraction &f in radial ex-
in Fig. 10 for 2.5 AU. The solid curves merely reproduce tent.

the sweepup times of Fig. 8. The dotted lines are the time it |t also makes sense for the primary accretion timescale to
takes a molecule or small particle to diffuse different radial pe fairly short compared to timescales on which the neb-
distances, betweenI¥ and 30+, whereH is the verti-  |a temperature and composition evolves (Cassen, 1996,
by less than a scale height because the mixing lengthscale;|asses of meteorites. Since most agreedak ~ 0.05, the

i T 1/2 . : : ! .
(the turbulence integral lengthscale)lis= Ha'/? < 0.1H timescales on which we might expect to see global evolution

for @ < 107% (Cuzzi et al.,, 2001). Note from Fig. 10 that  are comparable to the lines for A0and 304 in Fig. 10.
an ensemble of chondrules might never be able to clean outtp, ;g takinga = 10-3 for example, we would expect the

all the dust from a region much narrower thah because  yrimary accretion process to collect some local ensemble of

it can be diffusively replenished from surrounding regions o se particles into planetesimals on a timescale which is

on shorter t'imeS(':aIes thah for nearly alla. On the other probably longer than foyears but probably much shorter
hand, a region wider thaif may be swept clean faster than - 1§ » (10-3/a) years.

the timescale on which fresh dust may be diffused into the
region. Another way to state this is that the “closed environ-
ment” of Morfill et al. (1998) must be a scale height or more
in radial width, if the nebula is turbulent.

If indeed the near-linear relationship between a chon-
drule’s core volume and its rim volume is due to sweepup of

Of course, the meteorite record is replete with compli-
cations for any theory. There are, for instance, a number of
“igneous rimmed” chondrules (Rubin and Krot, 1996) which
might be easily explained by a dust-rimmed chondrule ex-
periencing a second chondrule-formation-like event. In the
context of the present proto-scenario, these might represent
the chondrules which escape primary accretion to experience
a second chondrule-forming event. The relative abundance
of such objects probably says something about the efficiency
of the primary accretion process and its timescale relative to
the recurrence time of chondrule formation events.

In order to test the hypothesis that sweepup by chondrules
of fine grained dust, or more likely of fluffy aggregates of
fine grained dust, is responsible for their fine-grained rims,
we need a much better data set than currently exists. There
are at least two different things that should be better deter-
mined:
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including the time it takes fine dust to diffuse radially by the amounts shown (2) More precisely, what is the power of the dependence of
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496 J.N. Cuzzi / Icarus 168 (2004) 484497

pendence o¥,,. If a slope of 0.75 could be definitively ~ References
distinguished from a slope of 0.5 or 1.0, for instance,
this would be very strong evidence that the rimmed par- Allen, J.S., Nozette, S., Wilkening, L.L., 1980. A study of chondrule rims
ticles wereSt,, =1 particles (Section 1_2_1). and chondrule irradiation records in unequilibrated ordinary chondrites.
Geochim. Cosmochim. Acta 44, 1161-1175.
Ashworth, J.R., 1977. Matrix textures in unequilibrated ordinary chondrites.
Earth Planet. Sci. Lett. 35, 25-34.
6. Summary Beckwith, S.V.W., Henning, T., Nakagawa, Y., 2000. Dust properties and
assembly of large particles in protoplanetary disks. In: Mannings, V.,
Boss, A.P., Russell, S.S. (Eds.), Protostars and Planets IV. Univ. of Ari-
In this paper we developed a theory for accretion of fine-  zona Press, Tucson, pp. 533-558.
grained dust rims on chondrule-and-CAl sized particles, us- Blum,J,, Wurm, G., 2000. Experiments on sticking, restructuring, and frag-
ing the expressions for relative particle—gas veIoM};y of mentation of preplanetary dust aggregates. Icarus 143, 138-146.

. ; Boss, A.P., 1996. A concise guide to chondrule formation models. In:
Cuzzi and Hogan (2003). We noted how the near-linear de- Hewins, R., Jones, R., Scott, E.R.D. (Eds.), Chondrules and the Pro-

pendence oV, (r) translates into a near-linear dependence  toplanetary Disk. Cambridge Univ. Press, Cambridge, pp. 257-264.
of Viim on Veore as observed, if all particles in a meteorite Brearley, A.J., 1993. Matrix and fine-grained rims in the unequilibrated CO
share a common rim accretion time. Relying on theoretical chondrite ALHA77307: origins and evidence for diverse, primitive neb-
modeling of velocity-dependent energy loss in collisions be- ular dust components. Geochim. Cosmochim. Acta 57, 1521-1550.

.. . Brearley, A.J., 1996. Nature of matrix in unequilibrated chondrites, and its
tween porous, deformable aggregates (Dom'n'k and Tielens, possible relationship to chondrules. In: Hewins, R., Jones, R., Scott,

1997) we estimated the sticking efficiency (moderate) and  E.R.D. (Eds.), Chondrules and the Protoplanetary Disk. Cambridge
porosity (low) for rims on particles in this size range. We Univ. Press, Cambridge, pp. 137-152.
then estimated the time needed for chondrules to vauireBrearIey, A.J., Jones, R.H., 1998. Chondritic meteorites. In: Papike, J.J.

. . B o (Ed.), Planetary Materials. In: Rev. Mineral., vol. 36. Mineralogical So-
rims as thick as those observed (100-1000 years within a ciety of America, Washington, DC. Chapter 3, p. 1911

f.aCtor Qf a few). We noted how CAls propably I_'e INan €n-  cassen, P., 1996. Models for the fractionation of moderately volatile ele-
tirely different regime than chondrules (incurring erosion, ments in the solar nebula. Meteorit. Planet. Sci. 31, 793-806.

rather than accretion), under the same turbulent conditions,Cassen, P., 2000. Nebula thermal evolution and the properties of primitive
because of their larger sizes. We pointed out some qual-  Planetary materials. Meteorit. Planet. Sci. 36, 671-700.

o . . . . . Chokshi, A., Tielens, A.G.G.M., Hollenbach, D., 1993. Dust coagulation.
itative implications regarding the timescales on which the Astrophys. J. 407, 806819,

as-yet-unknown chondrule formation and primary accretion Connolly, H.C., Love, S.G., 1998. The formation of chondrules: petrologic
processes may operate. We noted the need for new observa- tests of the shock wave model. Science 280, 62—67.

tions of fine grained rims, as a way to put further constraints Cuzzi, J.N., Hogan, R.C., 2003. Blowing in the wind: I. Velocities
on the environment of primary accretion. The association of of chondrule-sized particles in a turbulent protoplanetary nebula.

near-linear rim-core dependence with particles in the chon- Icarus 164, 127-138.
p P Cuzzi, J.N., Dobrovolskis, A.R., Hogan, R.C., 1996. Turbulence, chon-

drule size range, combined VV_ith our previously reported  gryles, and planetesimals. In: Hewins, R., Jones, R., Scott, E.R.D.
correspondence between predicted and observed chondrule (Eds.), Chondrules and the Protoplanetary Disk. Cambridge Univ. Press,
sizes and size distributions, provides additional support for ~ Cambridge, pp. 35-44. _

a Weakly turbulent nebula (CUZZi et al., 2001) as the en- Cuzzi, J.N., Hogan, R.C., Paque, J.M., Dobrovolskis, A.R., 1998. Chon-

. . . drule rimming by sweepup of dust in the protoplanetary nebula: con-
vironment of chondrule and CAl formation, evolution, and straints on primary accretion. In: Proc. Lunar Planet. Sci. Conf. 29th.

primary accretion. Cuzzi, J.N., Hogan, R.C., Paque, J.M., Dobrovolskis, A.R., 2001. Size-
selective concentration of chondrules and other small particles in proto-
planetary nebula turbulence. Astrophys. J. 546, 496-508.

Cuzzi, J.N., Davis, S.S., Dobrovolskis, A.R., 2003. Blowing in the wind: II.
Creation and redistribution of refractory inclusion in a turbulent proto-
planetary nebula. Icarus 166, 385-402.

. Desch, S., Cuzzi, J.N., 2000. Formation of chondrules by lightning in the
We are gratefu' to Adrian Brearley’ Ted Bunch, Harold protoplanetary nebula. Icarus 143, 87-105. PPIV special issue.

Connolly, Sasha Krot, Glenn MacPherson, Knut Metzler, pominik, c., Tielens, A.G.G.M., 1997. The physics of dust coagulation and
Julie Paque, Alan Rubin, Ed Scott, and John Wasson for the structure of dust aggregates in space. Astrophys. J. 480, 647—673.
helpful discussions of rim properties. We thank Sandy Grossman, J., 1989. Formation of chondrules. In: Kerridge, J.F., Matthews,
Davis for helpful discussions on matters mathematical, L"-S- (ETdS-)' Meteogtgg Zgg the Early Solar System. Univ. of Arizona
S . . . s ress, Tucson, pp. 680—-696.

Carsten Dominik fF)r discussions O_n grain S“Ckmg’ Ropert Grossman, J., Rubin, A.E., Nagahara, H., King, E.A., 1989. Properties of
Last for computational and graphics support, and Wojtek  chondrules. In: Kerridge, J.F., Matthews, M.S. (Eds.), Meteorites and
Markiewicz for helpful discussions concerning MMV. We the Early Solar System. Univ. of Arizona Press, Tucson, pp. 619—-659.

thank Ignacio Mosqueira, Steve Desch, Pat Cassen, ancieim, L.-O., Blum, J., Preuss, M., Butt, H.-J., 1999. Adhesion and fric-

Tony Dobrovolskis for careful reading of the manuscript and tion forces between spherical micrometer-sized particles. Phys. Rev.

. . . . Lett. 83, 3328-3331.
helpful comments. We thank Dick Durisen for suggesting in- Hughes, D.W., 1978. A disaggregation and thin section analysis of the size

clusion of Fig. 3-_ This research was supported by grants to  and mass distribution of the chondrules in the Bjurbole and Chainpur
JNC from the Origins of Solar Systems Program. meteorites. Earth Planet. Sci. Lett. 38, 391-400.

Acknowledgments



Accretion of dust rims by chondrules 497

Jones, R.H., Lee, T., Connolly Jr., H.C., Love, S.G., Shang, H., 2000. For- Moffill, G.E., Durisen, R.H., Turner, G.W., 1998. Note: an accretion rim

mation of chondrules and CAls: theory vs. observation. In: Mannings, constraint on chondrule formation theories. Icarus 134, 180-184.
V., Boss, A.P., Russell, S.S. (Eds.), Protostars and Planets IV. Univ. of Paque, J., Cuzzi, J.N., 1997. Physical characteristics of chondrules and rims,
Arizona Press, Tucson, pp. 927-962. and aerodynamic sorting in the solar nebula. In: Proc. Lunar Planet. Sci.

Kring, D., 1988. The petrology of meteoritic chondrules: evidence Conf. 28th, pp. 1071-1072. Abstracts. ‘
for fluctuating conditions in the solar nebula. PhD thesis. Harvard Poppe, T., Blum, J., Henning, Th., 2000. Analogous experiments on the

University. stickiness of micron-sized preplanetary dust. Astrophys. J. 533, 454—
Krot, A.N., McKeegan, K.D., Leshin, L.A., MacPherson, G.J., Scott, 471.

E.R.D., 2002. Existence of afO-rich gaseous reservoir in the solar Prinn, R.G., 1990. On neglect of angular momentum terms in solar nebula

nebula. Science 295, 1051-1054. accretion disk models. Astrophys. J. 348, 725-729.

Lauretta, D.S., Buseck, P.R., 2003. Opaque minerals in chondrules and fine-RUPIN. A-E., Krot, A.N., 1996. Multiple heating of chondrules. In: Hewins,
grained chondrule rims in the Bishunpur (LL3.1) chondrite. Meteorit. R_" Jones, R_" SCOH'_ E.R.D. (Eds.), C_:hondrules and the Protoplanetary
Planet. Sci. 38, 59-80. Disk. Cambridge Univ. Press, Cambridge, pp. 173—180.

Liffman, K., Toscano, M., 2000. Chondrule fine-grained mantle formation Scott, E.R.D_.,_Barber, D."]" AIe_xz?mdgr, CM, Hut(.:hlson_, R.,.Peck_, A
by hypervelocity impact of chondrules with a dusty gas. Icarus 143, 1989. Primitive material surviving in ghondrules. matrix. In: Kerridge,

J.F., Matthews, M. S. (Eds.), Meteorites and the Early Solar System.

106-125. ) . . Univ. of Arizona Press, Tucson, pp. 718-745.
MacPherson, G.J., Hashimoto, A., Grossman, L., 1985. Accretionary rims Taylor, G.J., Scott, E.R.D., Keil, K., Boynton, W.V., Hill, D.H., Mayeda,

on Allende inclusions: clues to the accretion of the Allende parent body. T.K., Clayton, R.N., 1984. Primitive nature of ordinary chondrite matrix

Geochim. Cosmochim. Acta 49, 2267-2279. materials. In: Proc. Lunar Planet. Sci. Conf. 15th, pp. 848-849.
Markiewicz, W.J., Mizuno, H., Volk, H.J., 1991. Turbulence-induced rela- vk, H.J., Jones, F.C., Morfill, G.E., Roser, S., 1980. Collisions between
tive velocity between two grains. Astron. Astrophys. 242, 286—289. grains in a turbulent gas. Astron. Astrophys. 85, 316-325.
Marshall, J., Cuzzi, J.N., 2001. Electrostatic enhancement of coagulation Wasson, J.T., 1995. Chondrites: the compaction of fine matrix and matrix-
in protoplanetary nebulae. In: Proc. Lunar Planet. Sci. Conf. 32nd, like chondrule rims. Meteoritics 30, 594.
pp. 1262-1263. Weidenschilling, S.J., 1977. Aerodynamics of solid bodies in the solar neb-
Metzler, K., Bischoff, A., 1996. Constraints on chondrite agglomeration ula. Mon. Not. R. Astron. Soc. 180, 57-70.
from fine-grained chondrule rims. In: Hewins, R., Jones, R., Scott, Weidenschilling, S.J., 1988. Formation processes and timescales for mete-
E.R.D. (Eds.), Chondrules and the Protoplanetary Disk. Cambridge orite parent bodies. In: Kerridge, J.F., Matthews, M.S. (Eds.), Meteorites

Univ. Press, Cambridge, pp. 153-162. and the Early Solar System. Univ. of Arizona Press, Tucson, pp. 348—
Metzler, K., Bischoff, A., Mofrfill, G.E., 1991. Accretionary dust mantles in 374.

CM chondrites: chemical variations and calculated timescales of forma- Wurm, G., Blum, J., 1998. Experiments on preplanetary dust aggregation.

tion. Meteoritics 26, 372. Icarus 132, 125-136.

Metzler, K., Bischoff, A., Stoffler, D., 1992. Accretionary dust mantles in  20lensky, M.E., Barrett, R.A., Klock, W., Gooding, J.L., 1990. The miner-

CM chondrites: evidence for solar nebula processes. Geochim. Cos- alogy of matrix and chondrule rims in CM chondrites. In: Proc. Lunar
mochim. Acta 56, 2873-2897. Planet. Sci. Conf. 21st, pp. 1383-1384.



	Blowing in the wind: III. Accretion of dust rims by chondrule-sized particles in a turbulent protoplanetary nebula
	Background
	Meteorite evidence regarding fine grained rims
	Particle-gas interactions
	The particle-gas velocity Vpg


	Rimming of coarse particles by fine dust
	A model for dust rimming
	Constant ambient dust density
	Variable ambient dust density


	Sticking of grains and aggregates
	Why are CAIs different?

	Predicted values for rimming times
	Implications and speculations
	Summary
	Acknowledgments
	References


